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SURVEY OF THE EXPERIMENTAL CAPABILITIES OF THE
0.N.E.R.A, HYDRODYNAMIC TUNNEL,
WHICH OFFERS FLOW VISUALIZATION

H. Werle

ABSTRACT. Various publications have ‘already déscribed /1
~ the 0.N.E.R. A hydrodynamlc tunnel( ) for the visualization
of 1ow—veloc1ty flow (R ~ 10 ) and some of its applicatioms
to theoretical and experimental aerodynamics [2] and [3].

After a review of the conditions in which this "water
wind-tunnel" is used, this report discusses its present ex-
perimental capabilities and describes several examples of
recent research.

1. Introduction

Although it is difficult, if not impossible, to have complete correspon-
dence between hydrodynamic and incompre551ble aerodynamlc flows, experience
shows that tests in low-velocity water (R » 10 ) can, in many cases, provide
very instructive "pictures" of the aerodynamic field, and useful information
about complex phenomena which are difficult to reveal in air. Experience
shows that the system has achieved one of the design goals of Maurice Roy,
Director of O.N.E.R.A. in projecting and building this extremely economical
tunnel at Chatillon.

%
Numbers in the margin indicate pagination in the original foreign text.

(I)During the study, the classic techniques in this area, chiefly the
works of Marey, Nogues, Toussaint, Carafoli, Favre, Valensi, Chartier, Bourot,
Sackmann, and others [1] have been used extensively.



In particular, it has beén confirmed that experimentation in water,
often more precise and more delicate, and here much less costly than in air,
represents for many cases one of the best methods of study, particularly for
certain basic research. Of course, the hydrodynamic tunnel cannot replace

all other experimental techniques; it can nearly always complement them,

The O.N.E.R.A. tunnel is characterized by the great simplicity of the
"« apparatus and operating procedures. It provides the tests which are basic

to all valid experimentation:
— tests of the device accuracy‘by obligatory repetitions of the runs:

— tests of the validity of the visualization methods with the aid of

constant cross-checks among the different procedures.

By means of these precautions, it is possible to carry out systematic
tests which, for each study, reveal the flow mechanism and the influence of
the principal parameters.

v

These precise results can lead to valuable comparisons with theory, or

with experimental results obtained in another way under conditions similar

to those of the tunnel: incompressible fluid, laminar flow, etc.

They are only qualitative indications when these conditions are clearly
different. In this case, their correct interpretation and their transfer to

aerodynamics become tricky.

2. Experimental Techniques /2

2.1. = The tunnel (Figure 1) — ‘ | ..

The tunnel, built according to the design of M. Maurice Roy, is a
vertical open loop. ”




It runs in "spurts” under the action of gravity, with the inevitable
requirements of this type of device: refilling, settling, limited test

duration, variable pressure, etc.

There are a certain number of interchangeable test sections, whose
geometric and hydraulic characteristics are listed in the following table.

*t

2,2, — Models (Figures 5 and 6) —

The different model types and their mounting in the test section of the

tunnel are analogous to those used in wind tunnels.

Their respective advantages and disadvantages have been described

several times [3].

The models are generally made of brass or plexiglass, or else cast in
plastic [4]. Their internal structure, which is more or less complicated,
contains the channels necessary for injecting colored liquid, or for removal

or addition of fluid for tests with aspiration or Venting.

2.3. — Visuvalization Methods —

The different techniques for visualizing hydraulic flows are quite -

numerous [5], and some have been tested at the O.N.E.R.A. tunnel [6] and [7].

Only the two procedures which have been used for most of the experiments /3

will be mentioned here:

2.3.1. — Injection of colored liquid [8] —

This procedure has been perfected in certain respects to satisfy
" conditions imposed by different problems — in particular, by boundary-layer
studies [9] to [11].
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Colored 1iguid: The mixture used is prepared from:

— homogenized milk (giving the necessary opacity for photos),

= alcohol (to restore the exact density of the water),

— dye (to facilitate individualization of the different ceolored
streamlets), and especially water (which almost completely

eliminates the viscosity difference),

In some cases, use of a red dye which rapidly turns green on dilution
helps reveal zones of separation, zones of jet mixing with external flow,

and even regions of transition from laminar to turbulent flow (Figure 70).
‘ Injectors: Different types of injectors and modes of injection have
been used; their advantages, disadvantages, and applications

are given in the following table.,

Modulation of injected flow: The dotting of the stream lines obtained f4

this way allows:
— simple marking of each element of the milky streamlet [12],
—— evaluation of velocities along the different streamlets

(Figure 23).

In the case of injection of a small flow at a wall, this modulation
gives rise to waves which are displaced downstream, and are progressively
deformed under the influence of velocity differences in the flow. In

this way, the velocity profile can be determined (Figure 61) [13].

2.3.2. — Use of air bubbles [14] and [15] —

By this technique,, one can obtain a very high densify distribution
of bubbles within the fluid with remarkable homogeneity (diameter from 1/20
to 1/10 mm). All that is required is addition of an emulsifier to the water
during filling. '
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Type of Advantages Disadvantages Main uses Other uses
injector (steady-state
regime)
Holes on model - no wake - limited visuali- | visualization of Showing regions of

surface

- control is easy
and independent of
flow from each hole .

zation near wing

- beginning of a
streamlet from the
hole is not a
streamline (jet
effect)

- difficultg
limited number of
holes

streamlines of:

- exterior flow
(high-rate)

- flow within the
boundary layer
(low-rate)

- parietal flow
(quasi-zero flow)

See Figures 64 and
65, '

separation, of "dead"
water, of wake by
injection for short
periods into these
regions. Coloring
of jets (venting)

See Figures 12 and »i
18,

This can be supexr-
posed on the bubble
method. -

Ramp of holes

- extended visualiza-
tion of the whole aero-
dynamic field

- wake of the ramp

- delicate adjust~-
ments

~ necessity of
placing the ramp in
the converger

- necessity of a
converger with a
high contraction
ratio

behavior of stream
lines in the
entire aerodynamic
field

See Figures 17 to
23

See Figures 38 and
48,

Revealing regions of
turbulence (mixing
of colored liquids,
dilution of colored
liquid).

See Figures 66, 70
and 73.

Single—emis~
sion probe

visualization upstream
of the model with
minimum perturbation

- visualization
limited to a small
part of the field

= delicate adjust~
ments

visualization of a
stream line or of
an isolated current
sheet {(depending

on the model of

the probe)




The air bubbles show the flow in thin transverse or longitudinal cross—

sections of the test section (see Figures 33 and 8, respectively). Depending
on the exposure time, photographs record the trajectories (Figure 44) or
small elements of the trajectories of the bubbles (Figure 45) projected on the

plane visualized.

For steady-state laminar flow, these trajectories correctly represent

‘stream lines except in regions of very high normal acceleration.

Zones of very low velocity geﬁerally end up empty of bubbles. This is
the case for the boundary layer in contact with the surface of a model when

the flow is laminar (see Figure 15).

Any turbulence is shown by the disappearance of this bubble-free layer

and the presence of trajectories which intersect (see Figure 16).

For steady-state laminar flow, the small elements of the trajectories
reveal the behavior of the velocity field, and in certain cases allow lines

o

of constant velocity to be traced.

2.4, — The apparatus —_—

[

The entire apparatus is now being used for adjustment and measurement
of the parameters (see Figures 1 te 6), for recording (visual, photographic,

and cinematographic), and for analysis of tests (projectors).

We shall merely mention use of certain devices during tests to produce
slow and continuous variations of certain parameters (incidence of a model,
setting of a flap, position of -a jet engine, velocity and direction of a jet,

etc.).

Systematic use of cinematographic recording (16 mm) makes possible:




/./ ’
P .

1) production of short films; easy to distribute, which summarize long

series of tests,

2) convenient study of certain phenomena

— by repeated projection,

. — by the large scale of the projections (views of details),

E — by slow-motion (for rapid flows)

or by accelerated projection (to show the continuous variation

of a parameter which must be slow during the test to conserve

quasi-steady-state flow),

3) comparison, via composite views, of several flows corresponding to 15

test conditions which are identical except for one parameter:

for example,

juxtaposed views of’ top and bottom surfaces, of exterior

flow and parietal flow, of flow around models of different

¢

shapes,

or else,

superposed views of flow with and without venting [in this

case, each flow is visualized with a differently-colored
liquid (see Figures 73 and 74)].

(2)

3. Some Examples of Aerodynamic Studies

3.1. — Example No. 1: "Study of stream deflectors” —

(Example of tests carried out in the free section)

(Z)It is important to note the considerable contribution of the late

M. Maxime Degorce, Technician, to the tests carried out during these latter
years. ’

8




‘A uniform free stream, for example, that which emerges into the free

part of a test section, can be deviated by mechanical or pneumatic means,

Different types of deflectors based on these principles have been tested
in the tunnel. In each case, it has been possible to determine the mechanism

of deflection and the effectiveness of the device studied.

One method (Figure 7) consists of a grill of four superposed thin vanes,
placed at the exit of the guided portion of the test section., The setting of
' the vanes produces a stream deflection downstream of the device. The é§4
flected flow obtained is relatively good, though it is marred by the presence
of a wake from the vanes, and vortices appear at the edges of the stream

(Figure 8).

A second mechanical device is made up of a set of spoilers placed normal
to the wall in the guided part of the test section, near the step. This set
is controlled by an orientable arm which permits adjustment of the angle
between the direction of the upstream flow and the line connecting the upper

4

edges of the spoilers (see Figures 9 and 10).

The flow over this device is characterized by separation from the wall
upstream of the first spoiler, and a stable vortex just ahead of each of the

spoilers.

Although the asymmetric position of the system in the test section
eliminates parasitic wakes, it does, however, cause a certain nonuniformity

of flow, and its usefulness is limited to small deflection angles.

Use of venting jets more or less normal to the wall of the test section

is the basis of the so-called pneumatic deflection devices.

The fluid flap issuing from a venting slit just upstream of the step

produces a deviation and contraction of the main stream, which are functions




of the angle the jet makes with the direction of the upstream current and of

the momentum-flow coefficient of the jéta
The flow mechanism near the jet is characterized (Figures 11 and 13): 16

— on the one hand, by the presence of a region of detachment from
the wall upstream of the venting slit, which contains a stable
vortex, -

= on the other hand, by inductive effects of the jet over the
whole length of the fluid flap, which curves progressively

inward under the effect of the general current.

In the case of venting normal to the wall, the deflection and contraction
obtained increase with the momentum-flow coefficient of the jet. The de-

flection obtained can become large (Figure 14).

A device with two symmetric jets is used to obtain contraction without
producing deflection (Figure 12).

The results of these tests are in good agreement with those given by
G. Ernst [16].

Comparison among the different deflectors makes evident the clear
superiority of the pneumatic techniques over the mechanical ones when a

large deflection is needed, with good uniformity of the deflected stream.

3.2. — Example No. 2: 'Laminar boundary layer and turbulent boundary layer'' -—
y

(Example of tests carried out in the reduced guided

section)
The relatively extensive range of flow velocities obtained in the guided

test-section with reduced cross-section makes it particularly suitable for

studies involving turbulance.

10
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The'example given here concerns the boundary layer of a plane plate at

zero incidence in a uniform steady-state stream.-

The plate used has a relative thickness of 107, and is rounded at the
leading edge and beveled at the trailing edge.,

At low velocity (Figure 15), laminarity of the boundary layer is con-
firmed by the presence of -the bubble-free layer in contact with the wing
surface, and by the highly parallel stream lines; it extends to a point near
the trailing edge. The laminar structure of the separation at the beginning
of the after bevel (return stream along the bevel, stream in the sense of the

general flow near the separation surface) can be seen clearly.

When the velocity is high (see Figure 16), ﬁhe laminar boundary layer
separates near the leading edge normal to the discontinuity in curvature of
the profile, the transition is triggered, and is followed by the turbulent
re-attachment described by Melwil Jones [17]. Aft of this bulb a turbulent
boundary layer develops whose velocity fluctuations are recorded in photos

v

as disordered bubble trajectories.

Finally, the turbulent separation which ends up on the beveled portion

of the trailing edge produces less wake than the preceding case.

3.3. — Example No. 3: "Study of planar flows" —

(Example of studies in the flat test section)

The flat section designed for the study of planar flows is similar in
certain respects to the hydraulic cells developed and used by E., Carafoli and
" A. Toussaint [8], by A. Favre [18], and by L. Sackmann [19].

Because of its extensive range of flow velocities, this device makes it /7
possible to study different flow regimes around an obstacle as a function of

the Reynolds number: 'see Figures 17 and 18.




Comparison between flow at the center of the test section (Figure 19) and
flow at the wall (Figure 20) shows that only the former can be considered
planar. The region empty of a colered liquid, which appears near the leading
edge of the profile, is the place where rolling motion was observed by L,

Sackmann on a wall near obstacles [19].

~ Another example of such research is that on venting at the trailing edge
‘of a truncated profile at zero incidence. TFigures 21, 22, and 23 show the
inductive effects of a jet which "aspirates" the colored streamlets, as well

"as the influence of jet orientation on the position of the stagnation point.
The validity of these results is corroborated by remarkable visualiza-
‘tions in air, using smoke, by C. D. Perkins, D. C. Hazen, and R. F. Lehnert

[20] and [21], and, more recently, by A. M. Lippisch [22].

3.4. — Example No. 4: "Study of parietal flows" —

(This example and those which follow concern tests
in the normal test section)
After the development of the colored-emission technique, it was possible
to take up studies of relatively thin boundary layers, at the initiative and

under the direction of R. Legendre.

In the case of steady~-state laminar flow, the parietal stream lines of
an obstacle could be revealed, that is, the limiting positions of the stream
lines as they tend toward the wall of this obstacle.

The first example is the study of an elongated ellipsoid of revolution
inclined to the flow (Figure 62).

Certain difficulties in the interprétation of the phenomena observed at
10° incidence near the symmetry plane at the beginning of separation on the
upper face have contributed to a revision of customary ideas about separation,

which are too closely connected to its well-known image in planar flow [10].
12




This necessity of giving a general definition of three-dimensional
separation has led to different theoretical studies(B) [23] and [24], whose

description is beyond the scope of this report, and to certain tests which
have confirmed the existence of different singularities and characteristic

elements in parietal flow,

o These elements, described by R. Legendre [24], and clearly visible in
“Figures 24 to 31, are.the following:

— point of isotropic convergence (umbilicus) .at the center of the upstreanm

face of a disk translated normal to its plane (Figure 24).

— point of convergence in the case of asyﬁmetric separation on the bottom of

a flattened ellipsoid at 2.5° incidence (Figure 25).

— line of separation on the upper surface of a swept wing with nonzero

incidence, "quasi-enveloped" in parietal streal lines upstream
(injection at the leading edge) and downstream (injection within

the separated region): see Figure 26,

— parting line on the bottom face of a swept wing with nonzero incidence, /8

between the part of the flow which bends along the leading edge
on the upper surface, and that which rejoins the trailing edge

directly (Figure 27).

— partition point located at the intersection of the separation line with

the median plane on the top face of a flattened ellipsoid of

revolution with nonzero incidence (Figure 28).

— inward curve (very accentuated) of the parietal stream lines toward the

marginal fluid flap which exits normal to the chord plane on the

(3)Notably that of E.. Eichelbrenner.

13



bottom face of a rectangular wing of limited span, at zero

incidence (Figure 29).

The photo alsc shows the outlining of the marginal edge by

one part of the upper parietal stream lines.

The study of marginal, or even peripheral, venting (Figure
74) [25], belongs to the systematic tests in the tunnel to define
the influence of venting on the flow around wings of different
shapes and for different'positions of the slits (Figures 71 and
72) [26].

— point of spiral convergence observed, for example, on the top face of a
delta wing with nonzero incidence (near the trailing edge and at

about midspan on each half-wing for incidence of 8°): Figure 30.

Examination of the photo also shows the divergence of the
parietal stream lines in the central portion of the top face of
this thick wing with rounded leading edge, as well as the presence

of a separated region near each of the two after points.

This study of parietal flow has been extended to the case of a thin
delta wing with pointed leading edge (Figures 64 and 65).

The experiment has cast light on the flow scheme proposed by Maurice
Roy [27] and [28], in particular, the sheet rolled into a "cone' detached
along the leading edge (Figure 64).

.

The structure of this flow 1s seen again in the parietal flow over the

upper surface (Figure 65), where one can distinguish:

— the quiet part of the flow, located in the middle (in red),
-— the region swept by vortices (in yellow at midchord),

14




— the region under the "cone”, near the leading edge, where the
flow "returns" toward the leading edge, where separation is

produced (in blue).

Absence of turbulent character in the flow over the bottom surface
(Figure 67) contrasts with the vortices on the upper surface (Figure 66)
., which issue from the upstream peint, and are particularly well organized at

- higher incidences (i = 12°).

A recent study has been able to outline the nearly conical structure of
such a flow [12].

Ali these observations in water [3] confirm the results of visualizations
made in air [29] and [30].

°

The mechanism of flow around a vortex generator contains a number of

the characteristic elements anaiyéed above (Figure 31).

The generator mentioned in the example consiéts of a small rectangular 18
blade with small span, arranged normal to the upper wall upstream of a

rectangular wing, and placed at an angle to the current.

The parietal injections reveal:

the leading edge,
(2) the point of spiral convergence hear the trailing edge on the upper face,

the point of departure of a vortex which follows this-trailing edge

before it joins the marginal vortex of the wing.

15




T

[

3,5, — Example No. 5:. "Study of vortices” —

Among the principal types of vortices whose study has been undertaken

at the O.N.E.R.A, tunnel, we should mention:

— vortices at the apex of highly swept wings, as discussed in the preceding
paragraph (see also [31]),

~ marginal vortices of rectangular wings of limited span, which result either
from venting (Figures 71 and 72) [26], or from incidence (Figure
60)‘—— the classic case which has been the subject of numerous
publications [32] to [35].

— vortices on the upper surface of slender bodies inclined to the current
(Figures 62 and 63).

The vortices observed on a model of this type — for example, on a
cylinder tipped by an ogive without a point — appear at about 8°, are dis-
placed progressively as a function of the incidencé of the model (Figure 34),
- and are particularly well developed at high incidence, for example, at i = 20°

(Figures 32 and 33).

Figure 33, which represents a transverse cross-section of the flow,
shows the existence of a partition point of the transverse quasi-flow above

‘the two vortices and in the symmetry plane.

Studies of a fuselage alone have been followed by those of various
engine models, for example, a fuselage with a wing mounted in canard con-
figuration with or without empennage, to investigate the interaction of

fuselage with forward and after wings.

Figure 35 gives the example of a forward rectangular wing of very short

span, whose incidence o is 10°, and of a slightly inclined fuselage (i = 5°),

16




The marginal wortices of the forward wing are definitely influenced by
the presence of the cylinder; examination of their trajectories in the pro=-
jection onto the transverse plane (Figure 36) shows that the behavior of the
‘curves, the direction of displacement, or even the equilibrium (trajectory
reduced to a point) in the transverse plane depend closely on the configuration

parameters.

These results qualitatively confirm the theory studied by von Baranoff

The presence of an after wing further complicates the flow, particularly
at high incidences, where there is a superposition of the effects of vortices

produced by the fuselage and by the forward and after wings (Figure 68).

3.6, — Example No. 6: "Interaction between external and internal flows" —

The effect of a jet leaving the:rear of a model along the longitudinal
axis in planar flow, has already been mentioned in paragraph 3.3 (Figure 21).

In the case of an elongated ellipsoid of revolution inclined slightly to /10
the current, the effect of such a2 jet is extremely clear: the jet literally
aspires the flow and makes every trace of separation disappear (compare

Figures 37 and 38 with Figures 39 and 40), even in parietal flow (Figure 41).
A rather favorable effect of internal flow on external flow underlines
the importance of the problem — for example, in the case of the exhaust of

a jet engine (Figure 69) [37].

3.7, — Example No. 7: "Study of separation near the leading edge" —

The contribution of the hydrodynamic tunnel to the immense problem of
separation — in particular, to the experimental study of the conditions for

separation near a leading edge — is limited to revealing the flow mechanism.

17




Due to visualization by air bubbles, it is possible to determine in

each case:

~— the behavior of the stream lines and the positions of the
stagnation, separation, and transition points (see Figure 44),

= the behavior of the velocity field (see Figure 45) and from
this, the behavior of the lines of constant veleocity,

— the extent and character of the separation, as well as whether
re-attachment occurs (see Figure 46),

— finally, the efficiency of different methods of handling
separation, notably that of tangential venting with or without
adjustment of the profile (breaking the leading edge), which
suppresses separation completely (see Figure 47).

This type of tangential-venting device easily allows

hyperlifting of a wing/ventilated trailing-edge flap combination

(see Figure 70) [42].

This experimental study confirms the existence of different types of

separation, described by D. Kuchemann [38], among Gthers:

— flow without leading-edge separation (Figure 42): this is the case for
low incidence, with separation appearing only beyond midchord, as

has been determined during a previous study [13];

— flow with generalized detachment (Figure 43): this is the case at high
incidence. Separation begins at the leading edge and has a rather
reduced laminar part, followed by a turbulent region which prolongs

the wake of the wings;

— flow with a separation bulb (Figure 44): this separation characterizes
flow with high circulation, obtained, for example, by trailing-
edge venting (Figure 46). This latter photo shows the inductive
effects of the jet leaving normal to the chord, principally the

presence of turbulent re-attachment near midchord.

18




- Finally, the tests have made apparent in each case the influence of the
principal parameters: Incidence of the profile, coefficient of momentum flow

of the different venting jets, etec.

3.8, — Example No, 8: "Hyperlifting by a deflected engine jet" —

. Hyperlifting of a wing can be obtained, as mentioned in the preceding
- paragraph, by the action of a fluid flap leaving a venting slit at the trailing
edge nearly normal to the plane of the model.

The possible application of this very pure method to real aircraft would, /11
however, lead to a considerable complication of the interior structure of the

airfeils.

A form which seems better adapted to aircraft architecture, and which
has been the object of several tests, especially by N.A.C.A. [39], consists
of diverting the jet of an under-wing engine toward the trailing~edge flap.
The flap contains a slit which enables the jet to pass over the upper face,

v

from which it leaves tangentially (Figure 50).

The work presented in this report only concerns flow in the symmetry
plane of the engine-model ensemble, the rectangular wing being fixed between
the walls, and the likeness of the engine mounted on an articulated strut

(Figure 6).

e

The deflection of the engine jet is obtained by mechanical means (flap,
Figures 48 and 49) or pneumatic devices (auxiliary jet, Figures 50 and 51),
whose efficiency is comparable to the different types of deflectors studied

previously (Example No. 1).

The increase in circulation thus obtained (see Figures 48 to 51) is
expressed, in particular, by displacement of the stagnation point and dis~
appearance of the separation reglons observed in the absence of the jet
(Figure 73).

19




Study of the influence of different configurational and flow parameters
has thus allowed us to define the following for the average test conditions:

— the minimum jet necessary,

— the maximum possible position of the bending flap,

= the optimum region for installing the engine,
. ‘ ~— the optimum control of the setting of the deflector flap or
k jet deflector (the latter method is clearly superior to the

former), etec.,

3.9. — Example No, 9: "Transient studies" —

Without insisting on the difficulties of visualization and correct inter=
pretation of tests made outside the steady-state region, some examples of this

type of research should, however, be mentioned., They fall intc twe categories:

— periodic motions: wing or flap driven by flapping or oscillation, inter-
mittent venting jet, etc., such as planar nonsteady movements with

L

constant circulation [40].

- gtarting motions:

Example: disk in translation normal to its plane:
Tests reveal formation of a toroidal vortex during starting (Figures

52 and 53) [41]. This vortex becomes disorganized, and is replaced by a
region of dead fiuid with a turbulent boundary when the steady-state regime
is established (Figure 54).

Example: sharp leading edge with nonzero incidence:

During starting, only a small part of the upper surface.near the
end of the leading edge is the site of separation, which appears as a vortex
cylinder (Figure 55).



This bulb of separation is transformed into generalized separation

when the flow becomes steady-state (Figure 56).

Example: thick profile at zero incidence:’

The different phases of the test are characterized by:

— absence of separation and progressive thickening of the
~ boundary layer (Figure 57) during the first part of starting,
— appearance of laminar separation which moves progressively
upstream, as well as the formation and development of two
symmetric vortices on the trailing edge (Figure 58) [41] /12
during the second part of starting,
—— boundary extension of the separated region, prolonged by
a wake with alternating vortices (Figure 59), the final

stage of the steady-state regime,
4, Conclusion

These few examples suffice to show that the hydrodynamic tunnel, despite

its limitations, can make a useful contribution to aerodynamic research.

Based essentially on visualization, it allows one immediately to grasp
the mechanism or the broad outlines of the most complex phenomena, using only

extremely simple and inexpensive methods.

The wind-tunnel theoretician and experimenter will often find guiding
ideas there, which are necessary to arrive at a better comprehension of the

phenomena without too many false starts.

In this respect, the hydrodynamic tunnel is one of the best methods for

teaching'fundamental ideas of fluid mechanics.
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gure 1. The hydrodynamic tunnel. 1 - overflow; 2 - level indicators;

3 - inlet pipe; 4 - projectors with adjustable diaphragms for illumimation
of cross—-sections; 5 -~ extension of the test section; 6 - downstream con~
verger; 7 — piping for venting and aspiration; 8 - to the main flow of the
tunnel to measure the velocity of the flow; 9 - normal test sectiomn; 10 =
control of colored injection; 11 - valve-flowmeter assembly for control and
measurement of the fluid injected or removed; 12 - upstream converger (with
honeycomb grid); 13 - reservoir for the tunnel; 14 - reservoir for colored
fluid.



Figure 3. Reduced guided test sec-
tion (within the normal section).

1 - supplementary upstream con-
verger; 2 ~ model mounted between
the walls; 3 - inlet for colored
liquid and incidence control.

Figure 2. Free test section (within

the normal section).

1 - supplementary upstream converger:
2 = guided part; 3 ~ orientable
venting slits; 4 - free part; 5 =
aspirating slits.
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gure 4, Flat guided test section
(within the normal section).

Fi

1 - supplementary upstream con-

. verger; 2 -~ ramp of hole injectors
for colored liquid at the center
of the section; 3 -~ ramp of hole
injectors at the section wall; 4 -
model mounted between the wallsg
5 - inlet for colored liquid or
vented fluid and incidence control;
6 -~ supplementary downstream con-—
verger.,

Figure 5., Entire delta wing mounted .
on an articulated strut.

Incidence of the wing can be
varied slowly and continuously
during the test without inter-
rupting colored streamlets.

.
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Figure 6. Rectangular wing fixed to the wall, with model jet engine
mounted on articulated parallelogram. During test, the following
can be varied:

- setting of the trailing-edge flap;
— position of the engine; all without interrupting the
- jet velocity and its deflection flow of colored liquid.
toward the flap (obtained by an
auxiliary jet).

= Example No. 1 -‘“STﬁbfibfNéTREAﬁwbﬁﬁiﬁéTbﬁgﬁx- (Tests in the free section)

A

Y,

Figure 7. Diagram of the device
with superposed vanes.

Figure 8. Flow deflected by a grill
" of vanes.

29




== O||[C
7 AT A A

Figure 9. Diagram of the flow mechanism : f19
over spoilers.

Figure 10. Flow deflected by a set of
spoilers.

Figure 11. Diagram of the flow mechanism
near a jet normal to the wall. '

30



Figure 12. Contraction of the
stream obtained by two symmetric
normal jets.

Figure 13, Diagram of flow deflected
by a jet.

Figure 14, View of flow deflected
by a jet.




Example No. 2 = "LAMINAR BOUNDARY LAYER AND TURBULENT BOUNDARY LAYER"
(Tests in the reduced guided section)

Figure 15.  Low=velocity test.
(Laminag'boundary layer and laminar
separation) .

\ FLOW AROUND A PLATE MODEL WITH ZERO INCIDENCE
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Example No. 2 = "LAMINAR BOUNDARY LAYER AND TURBULENT BOUNDARY LAYER"
(Tests in the reduced guided section)

Figure 16, High-velocity test.
(Bulb of separation near leading
edge, with turbulent re-attachment

"followed by turbulent boundary
layer and turbulent separation).

]

FLOW AROUND A PLATE MODEL WITH ZERO INCIDENCE
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FLOW AROUND A PROFILE
WITH ORIENTABLE TRAILING=

EDGE JET. (Incidence of 29
the profile 1 = 0°). —

wak

cApebit
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Figure'ZZ. -Flow with jet
directed downwards (¢ =
= 45°),

P T
PO L I

i;;;;é;fﬁf' ' T 'f‘f"g e Figure 23. Flow without
g e jet (with modulated
milky injections).




PARIETAL FLOWS"

Figure 24. Disk in trans=-.:
lation normal to its plane.
Umbilicus is shown.

o

E;

Figure 25, Parietal flow on the lower
surface of a flattened ellipsoid.
Incidence 1 = 2,5°, Asymmetrical
separation. Point of convergence is
shown (partial view).

Figure 26. Parietal flow on the
upper surface of a swept wing.
Incidence i = 14°. Thickness
15%. Line of separation is shown
(partial view).
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Figure 27. Parietal flow on the
lower surface of a swept wing.
Incidence i = 17°., Thickness
15%. Line of separation of the
lower flows (or better, the
parting line) is shown (partial
view).




Figure 28. Parietal flow on the upper
surface of a flattened ellipsoid of
revolution, Incidence i = 15°,
Partition point is shown.
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Figure 29. Parietal flow on the lower surface
of a rectangular wing of limited span with
marginal venting. Zero incidence. Effects
of aspirating the fluid flap are shown.
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- Figure 30, Parietal flow on the upper
surface of a thick delta wing (10%).
Incidence i = 8°., Point of spiral
convergence is shown,

(1) Partition point ’

Point of spiral convergence (2)

Figure 31. Mechanism of flow around a
vortex generator on the lower surface
of a straight wing mounted between the
walls (partial view).



Example No. 5 - "STUDY OF VORTICES"

FLOW AROUND A BARE FUSELAGE
(Incidence i = 20°) (Figs. 32, 33, 34)
i I g T TR j',',-ﬂ -

T e LA Y

Figure 32. Views of upper surface and profile.

o Figure 33. Transverse section of flow at
midlength of model (air-bubble method).



S ———

Figure 34, Displacement of the trace

of the upper vortex axis in the
transverse plane at the end of the
fuselage, as a function of incidence
i (r = radius of fuselage).

Figure 35,
and
i= 5°,
a = 10°.

profile,.

Views of upper surface
Incidence of fuselage
Incidence of forward wing

FLOW AROUND AN IN CANARD

2 e

MODEL (Figs. 35 and 36)




AR i=7° a=12°

AR i=3° q=8°

Figure 36. Influence of incidence on the trajectory of the
marginal vortex of the forward wing in the transverse
plane (0OX corresponds to the longitudinal axis of the
fuselage; r = radius of fuselage).

Example No. 6 - "INTERACTION BETWEEN EXTERNAL AND INTERNAL FLOWS"

FLOW AROUND AN ELONGATED ELLIPSOID OF REVOLUTION AT ZERO
INCIDENCE IN A STREAM OF VELOCITY V0 (Figs. 37, 38, 39, 40, 41).

Figure 37. Flow without jet. Colored injec-
tions upstream of separation,



Figure 38. Flow without jet
visualized by air bubbles
(wake colored by milky in-
jection of short duration
into the separated region).

Note - The photos obtained by the air-bubble method represent
Ilongitudinal sections of the flow, passing through the axis
of revolution of the model.

Figure 39. External flow in the
presence of a jet. (Average
velocity of jet = 10 V0)°

Figure 40. TFlow in the presence
of a jet visualized with air
bubbles. (Average velocity
of jet = 10 VO).

Figure 41. Parietal flow in the
presence of a jet. (Average
velocity of jet = 10 VO)°




-,

Example No. 7 - "STUDY OF SEPARATION NEAR THE LEADING EDGE"

LONGITUDINAL SECTIONS OF THE FLOW (air-bubble method)

Figure 42. Flow without leading-~edge separation (profile
NACA 64 A 0 10, zero incidence).

Figure 43. 7Flow wlth general separation (profile NACA
64 A 0 10, 10° incidence, no venting).
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Figure 47. Flow with multiple venting

- one tangential jet near

the leading .edge (CuLE = 0.4). - one jet normal to the trailing
edge (CUTE = 0.8) .(profile NACA 64 A O 10, zero incidence, lead-

ing edge broken).

Example No. 8 ~"HYPERLIFTING BY A DEFLECTED ENGINE JET"

Figure 49. View of flow

with mechanical deflec~
tion (by flap) of engine
jet (uncolored):

Incidence of profile =

= 0°; setting of trailing-
edge flap = 55°; average
velocity of engine jet =

= 15 VO; advanced engine

position.

Figure 48, View of flow

with mechanical deflection

, (by flap) of engine jet

(in white). Incidence of
profile = 0°; setting of
trailing-edge flap = 55°;
average velocity of engine
jet = 12 VO; advanced

engine position.
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Figure 50. Diagram of. the mechanism of flow for an engine jet
deflected by an auxiliary jet.

Figure 51. View of flow with pneumatic deflection of the engine jet.
Incidence of profile = 0°; setting of trailing-edge flap = 75°;
average velocity of engine jet = 15 Vo; retracted position of engine.

VO = velocity of upstream current .
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" ‘Pxample No. 9 - "TRANSIENT STUDIES" /31

Figure 52. TFirst stage of starting. Figure 53. Starting.

S oA ST S s e ot

Figure 54, Steady state.

DISK IN TRANSLATION NORMAL TO ITS PLANE (views of the diametral plane).
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Figure 55. Starting. Figure 56, Steady state.

FLOW AROUND A PROFILE WITH SHARP LEADING EDGE, NONZERO INCIDENCE.

Figure 57. First stage of
starting,

Figure 58. Last stage of starting.

Figure 59. Steady state.

FLOW NEAR THE TRAILING EDGE OF A THICK PROFILE, ZERO INCIDENCE.
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OTHER EXAMPLES COLOR PLATES No., 1

Figure 60, Marginal vortex of a rectangular wing, profile
view (incidence i = 8°), !

Figure 61, Two-dimensional laminar separation (Profile
NACA 64 A 0 10, zero incidence).

Modulated injections in the boundary layer ahead of
separation (in white) and within the separated region
(in rose).
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OTHER EXAMPLES COLOR PLATES No.,

Figure 62. Flow on the upper surface of an elongated
ellipsoid of revolution at 17° incidence. -

Parietal injections in rose, vortices of the upper
surface in white and yellow.

T T Pes B L

Figure 63, Flow around a conical model.
Views of upper surface and of profile. Incidence i = -20°.
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COLOR PLATES No.

FLOW AROUND A THIN DELTA WING WITH POINTED LEADING EDGE

} e b iR

PRSP

Parietal flow.

Figure 65.
Views of the upper Surface/— Incidence i

External flow.

64,

igure

F

30

v

View of the lower surface.

Figure 67.

Incidence i = 12°

Figure 66.

View of the upper surface.
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COLOR PLATE Yo,

v e

Figure 68. Flow on the upper surface of a model in
canard configuration.

. Incidence (fuselage, forward wing, after wing):

1 = 12°, Parietal flow on the fuselage in white

and green; cone vortices of the after wing in

white and red; marginal vortices of the forward
wing in red. The red shade of these latter vortices

on the fuselage is due to the lateral lighting, and

o

allows them to be located in space.

QIS ,........ v — s,

M o -t
SeoemmetSiit e g Qs

Figure 69. Flow around aircraft model with simulation
0f engine operation.
Incidence i = 0°; average inlet velocity = VO;

(Vy =

average velocity of engine jet = 2 VO.

= velocity of upstream current).
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Figure 70. Re-attachment of flow around a wing with
vented trailing-edge flap. Incidence of wing i =
= 5°; setting of flap o = 60°., Above: insufficient

venting; below: correct venting.




COLOR PLATES No. 4

TRAILING-EDGE VENTING OF A RECTANGULAR WING OF
LIMITED SPAN, ZERO INCIDENCE (Figs. 71 and 72)

i
G

~Figure 71. View of upper surface: One can see the
marginal vortex due to venting, and outlining of
the trailing edge by colored streamlets,

——

PERIRERAVRR

Figure 72. View of lower surface: Part of the
colored streamlets is aspirated by the fluid
flap issuing from the slit; the rest goes on
to feed the marginal vortex.
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Figure 73. Wing with trailing-edge flap and jet
engine mounted in a pod, with jet deviated by
flap. Incidence of wing i = 0°; setting of
flap o = 55°, (Flow without jet in blue; flow
in jet in rose and yellow).

.
o

Figure 74. Peripheral venting of a flattened
ellipsoid of revolution, zero incidence (view’
of lower surface). (Flow without venting in
green; flow with venting in red).

Translated for National Aeronautics and Space Administration under Cohtraagx;:‘w
No. NASw-2035, by SCITRAN, P. 0. Box 5456, Santa Barbara, California, 93108
55

e e



